Highly active carbon composite catalysts were developed using a carbon based metal-free catalyst developed at USC as a support through catalyzed pyrolysis followed by chemical post-treatments. Materials characterization studies indicated that the nature of nitrogen functional groups on the carbon surface and the carbon nanostructures play a critical role in the activity and stability. The catalytic activity as high as 2.0 A cm -2 at 0.2 V was obtained for the carbon composite catalyst in the fuel cell, and no irreversible activity loss was observed during stability test.
Introduction
Since Jasinski's discovery of the catalytic properties of Co phthalocyanines for oxygen reduction (1) , there has been a considerable research on non-precious metal catalysts such as: (i) porphyrin-based macrocyclic compounds of transition metal (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , (ii) vacuum-deposited cobalt and iron compounds (e.g. Co-C-N and Fe-C-N) (19, 20) and (iii) metal carbides, nitrides and oxides (e.g. FeC x , TaO x N y , MnO x /C) (21, 22) . Pyrolysis at higher temperatures than 800 o C in an inert or NH 3 atmosphere led to the improvement in catalytic activity of the catalysts to some extent.
Recently, we synthesized a Co-based catalyst using low-cost precursors and surfacemodifiers, and loaded on carbon activated with a procedure developed at USC (23) (24) (25) . The observed onset potential for oxygen reduction was as high as 0.85 V vs. SHE, which was higher than any other reported in the literature. However, due to low selectivity (H 2 O 2 amount > 5%) and poor stability observed in case of Co, Fe, Fe-Co, Ni, and Se, the transition metal-based catalysts reported in the literature so far do not qualify as catalyst for oxygen reduction.
The objective of this work is to develop highly active and stable carbon-based metalfree catalysts and carbon composite catalysts with strong Lewis basicity (π electron delocalization) to facilitate the oxygen reduction reaction. The active reaction sites for oxygen reduction were optimized as a function of: (ii) surface oxygen groups, (ii) nitrogen content, (iii) pyrolysis temperature, (iv) the concentration of the non-metallic additives, and (v) metal concentration.
Experimental

Catalyst Synthesis
Carbon-based metal-free catalysts were synthesized by modifying the surface functional groups on the porous carbon black with nitrogen-containing organic precursors.
As a next step, carbon composite catalysts were developed using a metal-free catalyst as a support through "catalyzed pyrolysis", followed by chemical post-treatments.
Rotating Ring-Disk Electrode (RRDE) Experiments
The RRDE measurements were performed in a three-electrode electrochemical cell using a bi-potentiostat (Pine Instruments) at room temperature. An RRDE with gold ring (5.52 mm inner-diameter and 7.16 mm outer-diameter) and glassy carbon disk (5.0 mm diameter) was employed as the working electrode. The catalyst ink was prepared by blending the catalyst powder with isopropyl alcohol in an ultrasonic bath. The catalyst ink was deposited onto the glassy carbon disk which was previously polished with Al 2 O 3 powder. After drying, a mixture of Nafion ™ solution (5 wt%, Aldrich) and isopropyl alcohol was coated onto the catalyst layer to ensure better adhesion of the catalyst on the glassy carbon substrate. The electrolyte was 0.5 M H 2 SO 4 solution. A platinum mesh and Hg/HgSO 4 electrode were used as the counter and reference electrodes, respectively. All potentials in this work were referred to a standard hydrogen electrode (SHE).
In order to estimate the double layer capacitance, the electrolyte was deaerated by bubbling with N 2 , and the cyclic voltammogram was recorded by scanning the disk potential between 0.04 and 1.04 V(SHE) at rate of 5 mV s -1 . Then, the electrocatalytic activity for oxygen reduction was evaluated in the oxygen-saturated electrolyte. The oxygen reduction current was taken as the difference between currents measured in the deaerated and oxygen-saturated electrolytes. The ring potential was held at 1.2 V(SHE) to oxidize H 2 O 2 generated during the oxygen reduction reaction.
Performance Test of Membrane-Electrode Assemblies (MEAs)
The cathode catalyst ink was prepared by ultrasonically blending catalyst with Nafion ™ solution and isopropyl alcohol for 4 h. The catalyst ink was then sprayed onto a gas diffusion layer (GDL) (ELAT LT 1400W, E-TEK) until a desired catalyst loading has been achieved. A commercially catalyzed GDL (0.5 mg Pt cm -2 , E-TEK) was used as the anode. A thin layer of Nafion ™ was coated on both the cathode and anode surfaces. The Nafion ™ -coated anode and cathode were hot-pressed to a Nafion ™ 112 membrane at 140 o C and 534 kPa for 3 min. The geometric area of the electrode was 5 cm 2 .
The MEA tests were carried out in a single cell with serpentine flow channels. Pure H 2 gas humidified at 77 o C and pure O 2 gas humidified at 75 o C were supplied to the anode and cathode compartments, respectively. The measurements were conducted using a fully automated test station (Fuel Cell Technologies Inc.) at 75 o C. In order to evaluate the stability of catalyst, potentiostatic current transient technique was used by applying a constant potential of 0.4 or 0.5 V.
Results and Discussion
Figure 1(a) presents the fuel cell performances loaded with 6 mg cm -2 of the metalfree CN and C-X catalysts. Here, C, N and X stand for carbon, nitrogen and non-metallic additive, respectively. The tests were run with H 2 and O 2 using the back pressures of 30 and 40 psi, respectively. For the C-X catalyst, the current density was measured to be 1. The carbon composite catalyst supported on the metal-free catalyst shows higher activity and selectivity (less than 1% H 2 O 2 at 0.5 V vs. SHE) as compared with the catalyst on the oxidized carbon (6% H 2 O 2 ), which is due to higher catalytic selectivity of metal-free catalyst support (less than 1% H 2 O 2 ) (data not shown). The nature of nitrogen functional groups were identified using X-ray photoelectron spectroscopy (XPS) at each synthesis step of the carbon composite catalyst: (i) before "catalyzed pyrolysis", (ii) after "catalyzed pyrolysis", and (iii) after chemical posttreatment, and the results are summarized in Table 1 along with the activity and selectivity data. The current density and % H 2 O 2 were determined at 0.4 V in a fuel cell and an RRDE, respectively.
The activity and selectivity gradually increased after pyrolysis and after chemical post-treatment. XPS data obtained before pyrolysis show only nitrogen functional group in the N-precursor. High-temperature pyrolysis results in the formation of pyridinic, pyrrolic and graphitic nitrogen groups. Chemical post-treatment increases the relative concentration of pyridinic nitrogen, while removing pyrrolic nitrogen. XPS result indicates that high-temperature pyrolysis combined with chemical post-treatment increases the concentration of pyridine-type nitrogen resulting in the increased Lewis basicity, and incorporates the nitrogen into graphitic structures that increases the stability. Table 1 . Catalytic activity, selectivity and XPS spectrum at each synthesis step of carbon composite catalyst. The current density and % H 2 O 2 were determined at 0.4 V in a fuel cell and an RRDE, respectively.
Step Current Density (A cm , 11 (1) 241-247 (2007) The catalyzed pyrolysis process was optimized to increase the concentration of active reaction sites and the stability. Figure 3(a) illustrates the fuel cell performances of carbon composite catalysts prepared under different pyrolysis conditions. The cathode catalyst loading was 4 mg cm -2 , and the tests were run with H 2 (30 psi) and O 2 (30 psi). Fig. 3 (b) presents the stability test data measured by applying 0.4 V at an ambient pressure. The optimized carbon composite catalyst ("procedure -C") showed the current density of 2.0 A cm -2 at 0.2 V, and exhibited a steady-state current profile after 15 h. Figure 4 shows the current density (stability test performance) measured on the carbon composite catalyst as a function of time. The cathode catalyst loading was 2 mg cm -2 , and the tests were run using H 2 (50 psi) and O 2 (50 psi). As indicated in the figure, the cathode compartment was periodically purged with O 2 gas during test, in order to remove liquid water accumulated inside the MEA. The result shows an initial increase of current density to ca. 0.6 A cm -2 , followed by a slight decay with time. The fuel cell performance was fully recovered upon O 2 purging, which indicates that an ineffective water management is responsible for a slight performance loss of fuel cell, and no irreversible loss of catalytic activity occurs. Best performing catalysts are being tested under a variety of conditions -including (i) gas flow rate, (ii) back pressure, (iii) cell temperature, (iv) humidification temperature, and (v) gas diffusion layer, and advances in water management are being made. As an example, Figure 5 presents the stability test data obtained at 0.5 V for the carbon composite catalyst. The test was run at an ambient pressure for the cathode catalyst loading of 4 mg cm -2 . Note that no performance degradation was observed for 80 h of continuous operation without O 2 purging step. 
Conclusions
Carbon-based metal-free catalysts were synthesized by modifying the surface functional groups on the porous carbon black with low-cost organic precursors. Further, carbon composite catalysts were developed using a metal-free catalyst as a support through catalyzed pyrolysis followed by chemical post-treatments. Materials characterization studies indicated that the nature of nitrogen functional groups on the carbon surface and the carbon nanostructures play a critical role in the activity and stability of carbon-based catalyst. The catalytic activities as high as 1.3 A cm -2 (6 mg cm -2 loading) and 2.0 A cm -2 (4 mg cm -2 loading) at 0.2 V were obtained for the metal-free and carbon composite catalysts, respectively, in the fuel cell, and no irreversible activity loss was observed.
